Mucus glycoproteins (mucins) were extracted from human cervical pregnancy mucus by 6 M-guanidinium chloride in the presence of proteinase inhibitors. Purification was subsequently achieved by isopycnic density-gradient centrifugation in CsCl/ guanidinium chloride gradients. The purified macromolecules represented approx. 85% of the total and were devoid of nucleic acids and proteins, as judged by analytical density-gradient centrifugation, disc electrophoresis and u.v. spectroscopy.
Isolation and characterization of human cervical-mucus glycoproteins
Ingemar CARLSTEDT,* Helene LINDGREN,* John K. SHEEHAN Mucus glycoproteins (mucins) were extracted from human cervical pregnancy mucus by 6 M-guanidinium chloride in the presence of proteinase inhibitors. Purification was subsequently achieved by isopycnic density-gradient centrifugation in CsCl/ guanidinium chloride gradients. The purified macromolecules represented approx. 85% of the total and were devoid of nucleic acids and proteins, as judged by analytical density-gradient centrifugation, disc electrophoresis and u.v. spectroscopy.
Sedimentation-velocity centrifugation revealed a single unimodal peak with S20,w 50.1 S in 0.2M-NaCl and 37.0 S in 6 M-guanidinium chloride. Molecular weights obtained by light-scattering were 9.7 x 106 and 5.9 x 106 in 0.2M-NaCl and 6 M-guanidinium chloride respectively. The chemical analyses were typical of those of epithelial mucins. The macromolecules contained approx. 20% (w/w) of protein, and 65% (w/w) was accounted for as carbohydrate. Serine and threonine constituted 32mol/lOOmol and proline lOmol/lOOmol of the amino acids. The major sugars found were N-acetylglucosamine (12.8%), N-acetylgalactosamine (9.7%), galactose (18.7%), sialic acid (15.0%) and fucose (7.5%).
Cervical mucus plays a vital role in the protection of the uterine cavity and controls spermatozoal survival and migration. The amount and physical properties of mucus vary during the ovulatory cycle. At ovulation, oestrogens induce an increased hydration of mucus, which results in a watery secretion with high spermatozoal penetrability and low viscoelasticity (Wolf et al., 1978) . In contrast, during the luteal phase the mucus is scanty, contains less water and provides an effective barrier to the spermatozoa. During pregnancy a large mucus plug occludes the cervical canal. This mucus is related to the lutealphase mucus rather than to that found at mid-cycle (Chretien et al., 1979) . For reviews see, for example, Chantler (1982) and Elstein (1982) .
The mucus glycoproteins (the mucins) provide the structural framework of the mucus gel, the properties of which depend on the structural integrity of these macromolecules. Thus an understanding of how the mucins contribute to the physical properties of mucus requires that structurally intact glycoproteins are studied. Consequently, potentially destructive techniques for the solubilization of the mucus gel, e.g. proteolytic digestion, reduction of f (Goa, 1955 ) and sialic acid as described by Jourdian et al. (1971) . An automated version of the latter was used for fractions from column chromatography and from preparative density-gradient centrifugation (Lohmander et al., 1980) . Neutral sugars were determined as the corresponding alditol acetates, with L-arabinose as internal standard (Lindahl, 1970 (Hirs, 1967) . Densities of fractions from preparative density-gradient centrifugation were assessed with a Carlsberg pipette as a pycnometer. Polyacrylamide-gel electrophoresis was conducted on gels (total monomer concentration 10.5 g/ 100ml) in 0.1% (w/v) sodium dodecyl sulphate as described by Neville (1971) . The gels were stained with 0.25% Kenacid dissolved in acetic acid/ methanol/water (7:25:68, by vol.).
The water content of freeze-dried mucins was determined as the loss in weight after drying for 18 h at reduced pressure over P205 at 110.60C (refluxing toluene). Drying for longer times gave no further loss of weight. Analytical ultracentrifugation Sedimentation-velocity and analytical isopycnic density-gradient centrifugations were performed with an MSE 75 Centriscan analytical ultracentrifuge. Isopycnic centrifugation used to monitor the purification of the mucins was performed as described in the legend to Fig. 3 . Sedimentation-velocity centrifugation of purified mucins was performed at 31 000rev./min at 200C, with the schlieren optics.
Samples were dialysed against 6 M-guanidinium chloride (ultrapure)/1 mM-Na2EDTA/1 mM-sodium phosphate buffer, pH6.5, or 0.2M-NaCl/l mMNa2EDTA/lmM-sodium phosphate buffer, pH6.5.
The apparent sedimentation coefficients were determined from the peak positions, and l/s was extrapolated to zero concentration (linear relationship) and corrected to standard conditions. A partial specific volume of 0.62ml/g was used (Bhaskar & Creeth, 1974 Eisenberg, 1964) . Experiments showed that dialysed stock solutions could be diluted with the cognate diffusate without affecting the results (see also Eisenberg, 1971) . After dilution, the mucin solutions and the blanks were clarified by centrifugation at 20000g for 1-2h. The ratio of the intensities of light scattered at 300 and at 1500 was in the range of 1.05-1.10 for the blank solutions, indicating the absence of large particles.
The intensity of light scattered at angles between 300 and 1500 was determined with a Sofica model 42000 photo-goniodiffusometer at 436nm. The polymer solid standard was calibrated with redistilled benzene (AnalaR) with a Rayleigh ratio of 45.6 x 10-6cm-1 and was then used to calibrate the instrument. Readings were evaluated with the corrections outlined by Tomimatsu et al. (1968) and plotted in accordance with Zimm (1948) . Linear least-squares analyses were used to extrapolate to c = 0 and to 0= 0, the latter values being obtained from the readings at 300, 37.50, 450 and 600. Radii of gyration were calculated from the slope of the extrapolated line at c = 0, by using the angles above.
The apparent refractive-index increment at constant chemical potential of diffusible components was determined at 436nm and 200C with a Shimadzu model DR-4 differential refractometer. Solutions (approx. 3mg/ml) were dialysed for at least 50h before analysis.
The concentrations of samples for all physical measurements were determined after dialysis and dilution by sialic acid measurements, with a stock solution of known concentrations of the mucins as a standard (see below). Preparation ofmucins (Scheme 1) Pregnancy mucus spontaneously released just before delivery was collected by specially instructed midwives. Only specimens that were coherent, that were not obviously contaminated (except for a small amount of blood) and that could be frozen immediately were used. Samples were stored at -200C.
Three or four specimens were pooled (approx. lOg) according to blood group. The mucus gel was gently stirred with di-isopropyl phosphorofluoridate (2.5 ml of a 0.1 M solution in propanol) for 5 min before the addition of ice-cooled 6 M-guanidinium chloride/5 mM-Na2EDTA/5 mM-N-ethylmaleimide/ 10mM-sodium phosphate buffer, pH6.5 (120ml). After dispersion (two or three strokes; Dounce homogenizer, loose pestle), the mucus was stirred for approx. 15 h at 40C. For full experimental details see the text. The yield is expressed as mg of non-diffusible freeze-dried solids/g of mucus (wet weight), and the distribution of this material is given as percentages (w/w) of the total. Numbers in parentheses show the distribution of mucins between the major fractions expressed as percentages (w/w) of high-molecular-weight glycopeptides obtained after papain/nuclease digestion and chromatography on Sepharose CL-4B.
by centrifugation (1 8 000 rev./min for 60 min; Sor- vail, SS-34 rotor) and re-extracted twice (approx. 20ml of the extractant, 2h at 40C). CsCl and 5 mM-Na2EDTA/lOmM-sodium phosphate buffer, pH 6.5, were added to a density of approx. 1.39 g/ml in 4 M-guanidinium chloride, and isopycnic density-gradient centrifugation was performed with the Vol. 211 conditions specified in the legend to Fig. 1 . This step was repeated (see Scheme 1), and the mucins (fraction IIb) were dialysed against 0.2 Mguanidinium chloride / 5 mM-Na2EDTA / lOmMsodium phosphate buffer, pH 6.5. CsCl was added to a density of 1.50g/ml, and a third density-gradient centrifugation step was performed as described Isolation ofhigh-molecular-weight glycopeptides Purified mucins and side-fractions were digested with papain in 1 M-NaCl/5 mM-Na2EDTA/5 mmcysteine hydrochloride/lOmM-sodium phosphate buffer, pH 7.0 for 15 h at 65°C followed by digestion with deoxyribonuclease and ribonuclease in 10mM-MgCl2/10mM-sodium phosphate buffer, pH 7.0, for 15h at 370C. The glycopeptides were recovered after gel chromatography on Sepharose CL-4B as described in the legend to Fig. 2 .
Results

Isolation andpurification ofcervical mucins
The mucus gel readily dissolved in 6 Mguanidinium chloride, leaving about 5-10% (w/w) of the total as an insoluble residue. The result of the first preparative density-gradient centrifugation in 4 M-guanidinium chloride is shown in Fig. 1(a) . The mucins (fraction Ib, Scheme 1) were recovered between the densities 1.38 g/ml and 1.48 g/ml, whereas the bulk of the proteins were found at the top of the gradient (fraction Ic). Most of the residual proteins were removed by the second centrifugation step. When the fraction IIb was centrifuged in CsCl/0.2M-guanidinium chloride, the mucins banded at a much higher density (between 1.45 g/ml and 1.55 g/ml) than in 4 M-guanidinium chloride. In addition, the presense of a u.v.-absorbing component devoid of sialic acid was now evident at a density of about 1.6 g/ml. This component showed a u.v.-absorption spectrum characteristic of that of DNA (results not shown).
The purified mucins and the major protein fractions (Ic and IIc) represented approx. 35% (w/w) and 50% (w/w) respectively of the total non-diffusible freeze-dried solids. This corresponds to about 1.5% (w/w) of mucin and 2.3% (w/w) of protein of mucus (wet weight). The glycopeptides derived from the purified mucins (fraction ITlb) and from the extraction residue showed similar chromatograms on Sepharose CL-4B, whereas most of the glycopeptides from the major protein fraction (Ic) were much more retarded (Fig. 2) Fig. 3 . Most of the proteins were removed by the first density-gradient centrifugation step (cf. Figs. 3a and 3b) . The position of the sharp band at the high-density end of the mucin distribution corresponds to that of DNA under these conditions (results not shown). No proteins could be detected at the meniscus after the second purification step (Fig. 3c) , and no DNA could be discerned in the mucin band after the third one (Fig. 3d) . A u.v.-absorption spectrum of the purified mucins did not reveal the presence of any nucleic acids (results not shown).
When the effect of the guanidinium chloride concentration on the buoyant density of the mucins and of DNA in CsCl density gradients was studied further, it was noted that both macromolecules show a decrease in buoyant density as the concentration of guanidinium chloride is increased (Fig. 4) . The difference in buoyant density between DNA and mucin was much larger in CsCl alone (about 0.18 g/ml) than in CsCl/4M-guanidinium chloride (about 0.05 g/ml). Fig. 4 . Buoyant density of cervical mucins and of DNA in CsCl/guanidinium chloride as a function of the guanidinium chloride concentration Cervical mucin and DNA (about 1mg and 0.1mg respectively) were dissolved in the molarity of guanidinium chloride under study, and CsCl was added to an initial density close to the expected buoyant density. After centrifugation (see the legend to Fig. 1 ), fractions were collected from the bottom and analysed for sialic acid and for absorbance at 280nm (DNA). The density of the peak fraction was measured in each experiment and was plotted against the molarity of guanidinium chloride. 0, DNA; 0, cervical mucin. 
Physical and chemical characterization of the mucins
The mucins chromatographed with the void volume of a Sepharose CL-2B gel in 6 Mguanidinium chloride, and appeared as a single unimodal peak (results not shown) when studied by sedimentation-velocity centrifugation in 0.2M-NaCl as well as in 6 M-guanidinium chloride in the analytical ultracentrifuge. Zimm plots of data for mucins in 0.2M-NaCl and 6 M-guanidinium chloride are shown in Figs. 5(a) and 5(b) respectively. A molecular weight of 5.9 x 106 was found in 6M-guanidinium chloride and a value of 9.7 x 106 in 0.2M-NaCl. In 6M-guanidinium chloride, however, the mucins have a somewhat higher radius of gyration (197nm) than in 0.2 M-NaCl (168 nm). Molecular weights obtained in 0.2 M-KCl and 0.066 M-CaCl2 were close to those observed in 0.2M-NaCl, whereas the cognate radii of gyration were somewhat larger. The molecular weights (6 M-guanidinium chloride) of mucins from fraction IIb prepared in the presence as well as in the absence of di-isopropyl phosphorofluoridate and N-ethylmaleimide were 7.9 x 106 and 7.2 x 106 respectively.
For a summary of the physical data see Table 1 .
It should be noted that light-scattering measurements could be influenced by extraneous large Vol. 211 particles. In particular, when working with glycoproteins from mucus, the possibility of micro-gel formation or the presence of small amounts of very large aggregates must be considered, as they would make a considerable contribution to the molecular weight and the radius of gyration. To test this possibility, mucin solutions were subjected to ultrafiltration on 0.45,um and 1.2 #um filters. The mucins did not penetrate the 0.45,pm filter at all. About one-third of a solution of mucins in 6M-guandinium chloride was filtered through a 1.2,um filter and diffusate as well as retained filtration residue were studied by light-scattering. The same molecular weight and radius of gyration were found for mucins that passed through and mucins that were retained, showing that there was no enrichment of larger particles above the filter. Thus the molecular weights do not seem to be overestimated because of the presence of aggregates. However, the radius of gyration of the mucins approaches the upper limit available with a conventional light-scattering apparatus, where readings are not possible below 300C (see, e.g., Tanford 1961) . If the limiting slope of the line 9-+0, at c = 0 (the so-called particle scattering function), is not reached, the molecular weight and the radius of gyration could be underestimated rather than overestimated (see also Eisenberg, 1971 ).
The chemical composition of the mucins is shown in Tables 2 and 3 . The macromolecules contain approx. 20% (w/w) of protein, and 65% (w/w) is accounted for as carbohydrate. Serine and threonine comprise about 32mol/lOOmol of the amino acids.
The mucins are low in aromatic amino acids. Tryptophan, however, is destroyed under the conditions used for acid hydrolysis, and cannot be evaluated by this method. The glucosamine/galactosamine molar ratio was between 1.22 :1 and 1.46 :1 for the various preparations studied. Galactose was (Hirs, 1967 
Discussion
The object of this work is to establish a protocol for the isolation of undegraded mucins. Potentially destructive methods such as sonication and highspeed homogenization were thus avoided for the solubilization of the mucus gel. High-speed homogenization apparently does not degrade gastric mucins (Robson et al., 1975) . In contrast, cartilage proteoglycans are markedly degraded by this treatment (Sajdera & Hascall, 1969) . Sonication is used as a routine to induce fragmentation of highmolecular-weight DNA (see, e.g., Godfrey, 1976) . Modification of the mucins by enzymes present in mucus is a distinct possibility that, in our opinion, has not been given enough consideration in the past. It has, for example, been shown that pig gastric mucus contains a neuraminidase (Allen & Starkey, 1974) and human cervical mucus an a-L-fucosidase (Chantler & Debruyne, 1977) . The probable presence of proteolytic enzymes in mucus has also been pointed out (see, e.g., Gibbons & Sellwood, 1973) .
To protect the mucins from degradative enzymes during preparation, we used guanidinium chloride supplemented with proteinase inhibitors as extractant. Di-isopropyl phosphorofluoridate and EDTA were used to inhibit serine proteinases and metalloproteinases respectively. N-Ethylmaleimide served the dual function of inhibiting proteinase containing a thiol group in the active centre and of blocking, if present, free thiol groups on the mucins that could otherwise participate in thiol-disulphide exchange reactions that are favoured under highly denaturating conditions (Tanford, 1968; Creeth, 1977) . By such reactions extraneous proteins might be attached to the mucins and/or internal disulphide bridges might become scrambled. A pH below 7 should also act to decrease this possibility (Tanford, 1968) .
Isopycnic density-gradient centrifugation in caesium salts has been successfully used for the purification of mucins from many sources. For a review see, for example, Creeth (1978) . As this procedure can be conducted in the presence of high concentrations of guanidinium chloride, removal of proteins, and thus degradative enzymes, can be achieved under conditions that should suppress enzymic activity.
The complete removal of proteins from the purified mucins was assessed by three criteria: (a) polyacrylamide-gel electrophoresis, (b) analytical density-gradient centrifugation and (c) re-running the purified mucins in a CsCl/4M-guanidinium chloride density gradient. The absence of nucleic acids was evident from analytical density-gradient centrifugation and by u.v. spectroscopy.
Mucins The molecular weights and the sedimentation coefficients correspond to frictional ratios for the mucins of 4.5 and 4.6 in 6M-guanidinium chloride and 0.2M-NaCl respectively. These high frictional ratios could be explained by either a highly elongated structure or a large degree of hydration, e.g. the mucins behave as flexible chains entrapping a lot of solvent. The latter description fits well with that of Lee et al. (1977a,b) . Those authors suggest that cervical mucus is composed of a heavily entangled network of macromolecules with molecular wights about 10 x 106. Furthermore, the first macromolecular disperse entity that dissolves from bovine cervical mucus was found by light-scattering to have a molecular weight of 15 x 106 and a radius of gyration of approx. 200nm (Meyer & Silberberg, 1978) . Finally, Gibbons & Glover (1959) , using flow-birefringence, described bovine cervical mucins as long flexible chains with molecular weights of approx. 4 x 106.
The chemical composition of the cervical mucins described in the present paper is typical of that of mucus glycoproteins in general. The amino acid composition is similar to those reported by Wolf et al. (1980) and by Yurewicz & Moghissi (1981) for human cervical mucins and by Hatcher et al. (1977) for cervical mucins from the bonnet monkey. The rather high protein content reported by Iacobelli et al. (1971) for human pregnancy mucins is probably explained by the fact that these authors used gel chromatography alone to purify the mucins. The carbohydrate analyses are consistent with those found for mucins from many sources (Clamp et al., 1978 ; see also Meyer et al., 1977) . In the present study the glucosamine content was consistently higher than that of galactosamine. This conforms with Wolf et al. (1980) but is at variance with, e.g., Hatcher et al. (1977 ), Yurewicz & Moghissi (1981 and Van Kooij et al. (1980) . For a summary of compositional analyses of cervical mucins see Chantler (1982) .
No significant differences in carbohydrate analyses were discerned between mucins from donors belonging to different blood-groups within the ABO system. However, as the secretor status was not established, and as mucus from several women provided the starting material for each preparation, the predicted differences could very well have been averaged out. Furthermore, no differences in carbohydrate analyses were found by Van Kooij et al. (1980) in a study of cervical mucins from women belonging to different blood-groups.
It is concluded that the present protocol gives rise to highly purified mucins of high molecular weight and with little variation between preparations. The 'native' conformation of the mucins could, however, very well have been perturbed by the high concentrations of CsCl and guanidinium chloride used (Snary et al., 1974) . The isolation of a mucin that Vol. 211 has not been modified by the breakage of covalent bonds is a prerequisite for structural studies, and should also provide a reference point for the development of alternative protocols for the isolation of mucins that employs more physiological solvent conditions.
